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ABSTRACT 
  
As the Earth’s climate continues to change, so too does the availability of 
freshwater resources.  Small islands are at the forefront of freshwater vulnerability 
and therefore must be ready to adapt.  In order to implement effective adaptation 
measures, accurate projections of future water use are required.  This study 
examines the climate and water use of James Island, British Columbia, during the 
five-year period 2009–2013.  Potential future climate scenarios for James Island, 
created using the guidelines set forth by the United Nations Intergovernmental 
Panel on Climate Change 5th Assessment Report are also examined.  The future 
climate projections, along with the climate and irrigation data, are utilized to create 
a new method for estimating potential future irrigation requirements based on 
irrigation flow per growing degree-days.  Future increase in annual mean 
temperature of 0.9°C for the 2020s, 1.9°C in the 2050s and 2.8°C in the 2080s 
suggest an increase in irrigation requirements of 17% in the 2020s, 38.5% in the 
2050s and 59% in the 2080s.  In conclusion, the merits of alternative irrigation 
strategies such as water reclamation and desalination are discussed, as well as 
their potential application for James Island.   
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CHAPTER 1 – INTRODUCTION 
 
Betwixt the threats of the global village and global warming, of 
overpopulation and depopulation, island studies have never been more 
pressing, nor more possible. – Baldacchino, 2004, p. 280.  
 
 This compelling and inspirational quote from Dr. Godfrey Baldacchino, 
Canada Research Chair in Island Studies at the University of Prince Edward Island 
from 2003 to 2013, pronounced “The Coming of Age in Island Studies,” highlighting 
the interdisciplinary and comparative research possibilities that have arisen as a 
result of the rapid development of the industrial and globalized world.  Almost a 
decade later it is becoming ever more apparent that the rapid development which 
has enabled these research possibilities is the direct cause of their necessity.  
1.1 – Water for Life 
 
 As part of the United Nations World Water Assessment Program 
(UN/WWAP), the UN released a World Water Development Report entitled Water 
for People, Water for Life, which concluded that globally we are facing a serious 
water crisis (UN/WWAP, 2003).  Both the natural environment and poverty-
stricken people worldwide are being affected by this crisis, which will continue to 
worsen over the first half of the 21st century.  At the time of the UN/WWAP report, 
roughly 1.1 billion people lacked access to an improved water supply and 2.4 
billion to improved sanitation (p. 11).  The apparent outlook for the world’s 
ecosystems is also bleak.  The long-term consequences of the rapid development, 
environmental degradation and exponential growth of the human population 
throughout the 20th century (Gleick, 1998) are increasingly apparent.  Lakes, 
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streams and river flows worldwide are in decline, 50% of the world’s wetlands 
have been drained for agriculture and 24% of mammals and 12% of bird species 
associated with inland waters are threatened due to habitat loss (UN/WWAP, 
2003).  Although future technological advances could increase the efficiency of 
water use and recycling, “levels of water use in many parts of the world (the 
majority of the world’s population, in fact) are currently so low that any 
improvement in standard of living will necessitate large increases in per capita 
water use” (Rogers, 2006, p. 7). Moreover, the human population is expected to 
grow to approximately 9 billion people by the year 2050 (p. 7), further reducing the 
amount of available fresh water per capita.   
 Although Earth’s water resources are finite, the current water crisis is not a 
result of a global shortage.  Rather, it has essentially been caused by the ways in 
which we mismanage water (UN/WWAP, 2003).  Historically, cities and towns 
were founded in locations with easy access to freshwater and as growth and 
expansion occurred, water supply infrastructure was developed with little regard 
for conservation or sustainability (Gleick, 1998).  Gleick effectively summarizes the 
history of water development policy in two sentences:  
In the past, the primary goals of water development policy were to support 
increasing levels of economic development and to figure out ways of 
increasing  the available freshwater to meet anticipated demands.  Incidental 
to or excluded from these policies has been consideration of basic human 
needs, ecological water requirements, the roles of communities and culture, 
and the desires and needs of future generations. (p. 572)   
 Only since the latter half of the 20th century have we begun to realize the 
consequences of rapid development on our ecosystems and future generations.  
Managing our increasing demand has become the new policy since the end of the 
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20th century as the tenets of sustainability slowly become integrated into our way 
of life.     
 While there may be global scarcity, freshwater is a local resource.  The 
situation in Canada is not as dire as it is in other parts of the world.  Harbouring 7% 
of the world’s renewable freshwater (Environment Canada, 2012), Canada is 
widely considered a nation rich in water resources.  With a population of only 35 
million people (Statistics Canada, 2015), the total supply far exceeds the annual 
demand.  However, according to Environment Canada (2012), more than half of 
this supply flows north and is unavailable to the 85% of Canadians living along the 
southern border.  Moreover, all of the accessible water is not allocated for human 
applications.  Countless species and ecosystems depend on Canada’s plentiful 
freshwater flows.  Therefore the notion of it being a water-rich nation can be 
dangerous as it predicates reckless overuse by humans.  In fact, Canadians rank 
second in the world (behind the United States) in highest national water use per 
capita (Organisation for Economic Co-operation and Development [OECD], 2005).  
Seasonal droughts and water shortages occur every year in different regions of the 
country and are forecast to increase in length and intensity as our climate changes 
and competing demands on limited resources continue to grow (UN/WWAP, 2003).   
 Only in the last 40–50 years have water use regulations and conservation 
strategies been implemented and engaged at the federal, provincial and municipal 
levels. In 1970 the federal government enacted the Canada Water Act,  
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For the purpose of facilitating the formulation of policies and programs with 
respect to the water resources of Canada and to ensure the optimum use of 
those resources for the benefit of all Canadians, having regard to the 
distinctive geography of Canada and the character of water as a natural 
resource. (Minister of Justice, 1985, p. 4) 
 
 The Canada Water Act enabled the formation of inter-governmental 
committees and other regulatory bodies to establish comprehensive water 
resource management practices to protect both the quality and quantity of our 
nation’s water.  In addition to legislation, recent federal initiatives have focused on 
outreach, education and the advancement of water-efficient technologies and 
practices (CCME, 2006, p. 29).   
 In 1994, the Canadian Council of Ministers of the Environment (CCME) 
released the National Action Plan for Encouraging Municipal Water-Use Efficiency.  
This action plan detailed the need for coordinated policies and actions among all 
stakeholders in order to ensure our most precious resource is sustained for the 
indefinite future.   
 In 2004, the province of British Columbia (BC) developed its own action plan, 
which further reinforced the need for partnerships and collective action among 
individuals, businesses, industries and government in hopes of alleviating the 
mounting stress on our freshwater resources (Water Sustainability Committee/BC 
Water & Waste Association [WSCBCWWA], 2004).  In 2008, this call to action 
culminated in the introduction of BC’s Living Water Smart Plan – the government’s 
vision for sustainable water stewardship (BC Government, n.d.[a]).  Central to the 
government’s vision is that “We must all work together to protect water sources, 
manage water demands, modernize water systems and infrastructure, and live 
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water smart (BC Government, n.d.[a]).” One of the main goals of the Living Water 
Smart plan was to modernize BC’s water laws.  In the spring of 2014, after four 
years of development, BC’s new Water Sustainability Act was passed, replacing the 
105-year-old Water Act.  The new law will come into force in 2016 (BC 
Government, n.d.[b]).  The previous Water Act was one of the oldest laws in the 
province and was designed to promote industrial and agricultural growth when 
water was plentiful and the consequences of human impact unknown and rarely 
considered (Cameron & Curran, 2013).  The new act is designed to ensure that 
water stays healthy and secure for future generations of British Columbians (BC 
Government, n.d.[b]).        
 All levels of government agree that it will take a collective effort to 
successfully manage our water resources sustainably.  These are the tenets of 
Integrated Water Resource Management (IWRM), a holistic approach for managing 
freshwater resources that encourage integrated water policies and action plans 
involving all stakeholders at all levels of society (Durham et al., 2002).  By 
definition, IWRM is “a process, which promotes the coordinated development and 
management of water, land and related resources in order to maximize the 
resultant economic and social welfare in an equitable manner without 
compromising the sustainability of vital ecosystems” (Global Water Partnership, 
2000, p. 22).  This broad, all-encompassing definition makes IWRM an attractive 
concept.  However the integration of policies and partnerships among municipal, 
provincial and federal governments, the private sector and all other public interest 
groups has proven challenging (Rahaman & Varis, 2005, p. 20).   
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 Although all levels of government in Canada have agreed on the principles of 
IWRM, there has yet to be agreement on its practical implementation.  
Unfortunately, while it is an impressive theoretical concept, in practice the results 
thus far have been “dismal” (Biswas, 2009, p. 255). The priority level and 
importance of water resource management varies between regions, industries, 
cultures and nations.  Therefore cooperative engagement in the IWRM principles 
by all stakeholders in all environments remains a theoretical solution that is 
proving to be increasingly unviable (Biswas, 2009, p. 255).  A fundamental shift in 
how each individual values water in water-rich nations is required to facilitate 
IWRM. The large-scale development of water supply infrastructure in the 20th 
century has been so successful in Canada and the United States that procuring 
freshwater has become a thoughtless task for most people: you simply turn on the 
tap.  As we slowly realize the perils of such rapid development, it has become the 
responsibility of all users to be conscientious and efficient with our limited 
freshwater resources, and ensure the actions of the present do not compromise 
these resources for future generations.  
1.2 – Climate Change and Islands 
 
 Based on the growing body of international scientific research, it is apparent 
the Earth’s climate is changing and the effects will continue to increase throughout 
the 21st century (Intergovernmental Panel on Climate Change [IPCC], 2007a; IPCC, 
2013).  In their Fourth Assessment Report (AR4), The Intergovernmental Panel on 
Climate Change (IPCC) identified that small islands, whether located in the tropics 
or higher latitudes, share characteristics that make them especially vulnerable to 
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the effects of climate change, particularly with respect to their freshwater 
resources (Mimura et al., 2007, p. 689).  These effects include increases in average 
global temperatures, melting of glaciers and polar ice caps, rising sea levels and 
changing weather patterns.  All of these wide-ranging effects will have an impact on 
the Earth’s hydrological cycle and thus available freshwater resources (Kundzewicz 
et al., 2007).  Moreover, indirect effects such as increasing demands for irrigation, 
which account for up to 90% of global consumptive water use (Kundzewicz et al., 
2007, p. 179), are projected to further stress the limited supply.  AR4 also identified 
expansive research gaps in the field of island studies with respect to freshwater 
resources and climate change in specific climatic regions and island environments 
throughout the world, noting that     
Hydrological Conditions, water supply and water usage on small islands 
pose quite different research problems from those in continental situations.  
These need to be investigated and modeled over the range of island types 
covering different geology, topography and land cover, and in light of the 
most recent climate change scenarios and projections. (Mimura et al., 2007, 
p. 711)   
 
According to the findings presented in AR4, these different research 
problems include a lack of observational data (climate baseline, water 
use/availability) and the fact that, historically, climate models have not had a fine 
enough spatial resolution to provide accurate projections for small island 
environments (Mimura et al., 2007, p. 711).  The release of the IPCC’s Fifth 
Assessment Report (AR5) has further emphasized and confirmed the vulnerability 
of small islands (Nurse et al., 2014) and freshwater resources (Jiménez Cisneros et 
al., 2014).  The availability of freshwater on an island is directly related to the 
island’s size in conjunction with the geologic and climatic conditions (Urish, 2010, 
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p. 798).  Fresh potable groundwater, which lies in a delicate balance with the 
surrounding sea water, is the most valuable resource for a small island and is 
extremely susceptible to variations in climate and anthropogenic contaminants 
(Urish, 2010).  As groundwater is the product of precipitation infiltrating the soil 
and collecting in underground aquifers, changes in seasonal precipitation will have 
adverse effects on groundwater recharge rates (Lemmen & Warren, 2004, p. 40).  
Island groundwater resources are also vulnerable to saltwater intrusion due to sea-
level rise and excessive extraction for human applications (Nurse et al., 2014).  
Tourism and agriculture are the predominant water-use sectors on islands 
(Lange, n.d.) and for many of the world’s islands these sectors comprise the few 
sources of economic opportunity (Uyarra et. al., 2005, p.12).  The economic reliance 
on tourism and agriculture has furthered the vulnerability of many of the world’s 
islands to the effects of climate change, as the future availability of already limited 
freshwater resources is threatened by increasing global temperatures, sea-level 
rise and changes in precipitation patterns (Mimura et. al, 2007).  For example, 
water shortage issues have been prevalent in the Balearic Islands since the 1970s 
due to expansive tourism development, particularly on the island of Mallorca 
where tourism accounts for upwards of 85% of the annual gross domestic product 
(GDP) (Garin-Munoza & Montero-Martin, 2007).  Similar problems proliferate 
throughout the Mediterranean region (Briassoulis, 2007), such as in the Canary 
Islands (Rodriguez-Diaz et al., 2007) and the island of Malta (Markwick, 2000), in 
addition to islands in the Caribbean and the Pacific Ocean (Hophmayer-Tokich & 
Kadiman, n.d).  Although the issue of freshwater scarcity is certainly not limited to 
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island environments (CCME, 2006), due to their limited resources and economic 
opportunities islands are perceived as most vulnerable to the effects of climate 
change (Mimura et. al., 2007). 
1.3 – Golf’s Allure 
 
In order to attract more visitors, many island destinations have diversified 
their tourist attractions from the traditional sun, sand, sea and hotel model by 
embracing the niche market of sports tourism (Bull & Weed, 1999).  Golf course 
development has been a major component of the diversification of island 
attractions, which has attracted controversy when proposed as a means for 
attracting special interest tourism (Markwick, 2000).  Golf courses tend to require a 
substantial amount of land and freshwater (Wheeler & Nauright, 2006), resources 
that are in limited supply on islands.   
 With almost 6 million players, golf has become the highest participation 
recreational activity for Canadians, surpassing hockey (Royal Canadian Golf 
Association [RCGA], 2006).  According to estimates published in 2009 in an 
independent study conducted by Strategic Networks Group (Strategic Networks 
Group [SNG], 2009), the game of golf accounts for an estimated $11.3 billion of 
Canada’s annual gross domestic product (GDP), providing almost 350,000 jobs, 
earning $7.6 billion in household income annually.  Moreover, the annual revenue 
generated by golf courses and their facilities, including practice ranges, is 
approximately $4.7 billion; almost equal to the revenue generated by all other 
participation sports and recreational facilities in Canada combined ($4.8 billion).  
Canadians also make more than 1 million trips and spend almost $2 billion 
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annually on golf-related travel within Canada.  All of the figures published in the 
SNG study (2009) are on an annual basis; no estimates for specific years were 
published.  Moreover, an estimated 20 million Americans played golf on a trip to 
Canada of one or more nights in the two years preceding a 2006 Travel Activities 
and Motivation Survey commissioned by the Canadian Tourism Commission 
(Canadian Tourism Commission [CTC], 2006).   Evidently, there is a clear financial 
incentive for Canada’s island destinations to maintain attractive golf facilities.   
 A study of the Economic Impact of Golf to a Destination by Hennessey, Yun 
and Macdonald of the University of Prince Edward Island was published in March 
2010.  The objective of their study was to determine whether there are differences 
among visitors spending habits based on frequency of golf played.  The researchers 
examined data from a golf experience survey developed by Golf PEI – an industry 
association devoted to the promotion and development of golf on Prince Edward 
Island – and compared it with data from a Tourism PEI Economic Impact study 
(2004).  The statistical outcomes are worth summation.  Firstly, visitors who are 
dedicated golfers tend to stay longer and their expenditures are 177% higher than 
infrequent golfers and 71% higher than moderate golfers who visit PEI.  Secondly, 
80% of all golfers surveyed said they were likely to return to PEI to golf in the 
future.  In fact, 71% of all golfers surveyed were already repeat visitors to the 
island.  In comparison, 63% of tourists surveyed in the Economic Impact Study were 
repeat visitors (Tourism PEI, 2004, p. 21).  Finally, comparison of the studies 
revealed that golfers have a much higher income than the average tourist on PEI, 
with only 11.4% of golfers reporting annual income less than $50,000 (Hennessey, 
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et al., 2010, p. 5), compared to 32% for the average tourist (Tourism PEI, 2004, p. 
30).  Based on these statistics, dedicated golfers are essential targets for the 
tourism industry on PEI to attract. 
 The situation is similar on the West coast, as golf courses on Vancouver 
Island attract thousands of tourists, create millions of dollars in annual revenue 
and are vital components of British Columbia’s billion-dollar tourism industry 
(Hallin, 2009).  Over 1.3 million golf travelers visited the province in 2004–2005, 
and while data specific to Vancouver Island is unavailable, the island contains 20% 
of the province’s golf courses (Tourism BC, 2009, p.11).  According to a Tourism BC 
study, golf travelers to British Columbia also tend to be high-income earners, with 
43% of Canadian and 50% of American tourists earning more than $100,000 per 
year.  As a result, golf contributes an estimated $1.5 billion annually towards BC’s 
annual GDP and provides close to 47,000 jobs (Tourism BC, 2009).  
1.4 – Study Outline 
 
 Worldwide it is estimated that 9.5 million cubic metres (m) is the amount 
of water used, per day, to irrigate the world’s golf courses (Wheeler & Nauright, 
2006).  With water being such a precious resource and golf courses having an 
unrelenting thirst for it, the central research question for this thesis was developed: 
How will climate change affect golf course irrigation requirements?  Researching 
this subject revealed no specific studies that estimate potential future changes in 
golf course irrigation requirements based on climate change projections.  In order 
to begin assessing how climate change could affect irrigation requirements, a new 
method for estimating future irrigation requirements was developed based on the 
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climate and irrigation data of the golf course on James Island, British Columbia (BC) 
and the IPCC’s most recent future climate projections (van Vuuren et al., 2011).  
Through a comparative analysis of the James Island climate and irrigation data 
from 2009 to 2013, combined with calculating future Growing Degree-Days (GD) 
based on future climate projections, an estimate of James Island’s future irrigation 
requirements was produced.  
James Island is one of the Gulf Islands, located in Haro Strait, approximately 20 
kms north of Victoria, B.C. (Figure 1).  Near the beginning of the 20th century, 
Canadian Industries Limited (CIL) acquired the island and operated an explosives 
factory throughout World War I and II (Hancock & Steeves, 2007).  The small town 
built on the island to support the factory was closed by CIL in 1962 and all 
munitions operations were ceased by 1979 (Hancock & Steeves, 2007).  CIL did 
virtually no clean-up of the island, leaving large amounts of contaminated soil, 
heavy fuel oil storage tanks, crates of buried explosives and other remnants of 
seven decades of industrial use (Hancock & Steeves, 2007).  In 1994, the island was 
purchased by the current owner who engaged an extensive environmental 
remediation and restoration effort (Wilson, 2014) whilst creating a private island 
retreat for family, friends and clients – complete with an 18-hole Jack Nicklaus 
Signature golf course (Nicklaus Design, n.d.).  With the remediation now complete 
(Wilson, 2014), 20-percent of the island has been designated as a conservation area 
(Hancock & Steeves, 2007).  James Island is the habitat for many rare species of 
flora and fauna (Hancock & Steeves), such as the contorted-pod evening primrose 
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and the sand-verbena moth, which are both classified schedule 1 endangered under 
the federal Species At Risk Act (Government of Canada, 2016).   
Although most of the details of the island must remain private per the owner’s 
wishes, as a groundskeeper on the James Island golf course for over five years this 
author became privy to how important efficient irrigation management is for an 
island golf course.       
 
 
  
FIGURE 1 – JAMES ISLAND, BRITISH COLUMBIA 
SOURCE: Google Earth; Sotheby’s International Realty 
 
Being only 315 hectares in size, James Island barely possesses enough surface 
and groundwater to maintain its championship-caliber, golf course (Nicklaus 
Design, n.d.) throughout the year.  Routinely during the summer months, irrigation 
to many of the fairways has to be shut off in order to preserve enough water to 
maintain the more valuable green and tee areas.  2011 and 2012 were the first 
years the entire golf course was sustained through irrigation throughout the entire 
year.  This author was granted unprecedented access to James Island’s climate and 
irrigation data from the period of 2009 to 2013 for the purpose of this study.     
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Although this private island is not a tourist destination and is much smaller 
than many of the other islands in the world facing freshwater shortages – such as 
those listed in Section 1.2 – it served as an effective laboratory for developing a 
method for producing measured and projected data on how climate change could 
impact irrigation requirements for golf courses on both islands and the mainland.  
Due to their increased vulnerability (Mimura et al., 2007), islands have been 
characterized as the “canaries in the coal mine” (Hanna & McIver, 2014) in terms of 
climate change impacts.  Therefore establishing how this small island could be 
affected may provide a plausible forecast for the greater region.  Islands must be at 
the forefront of climate change adaptation (Nurse, et al., 2014).  According to the 
IPCC, the freshwater issues currently facing many of the world’s islands are a 
forecast for the rest of the planet.  Therefore adaptation strategies that can be 
proven successful in these island environments may help in reducing the 
implementation of maladaptive strategies (Noble et al., 2014) and alleviating 
freshwater shortages in other regions.  Rather than simply being “canaries in the 
coal mine,” (Hanna & McIver, 2014), islands have the opportunity to become 
beacons of light through the smog.  
In developing the method for estimating future irrigation, several more 
research questions had to be addressed: What is the current climate of James 
Island?  How does climate affect irrigation requirements?  What are the current 
irrigation requirements?  What is the potential future climate of James Island?  The 
study format was arranged to address these questions sequentially and arrive at 
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the answer to the central research question: How will climate change affect golf 
course irrigation requirements?   
Chapter 2 examines the James Island climate as measured by the James Island 
climate station.  Since the climate data from the James Island station is not entirely 
complete, the data from two Environment Canada climate stations in close 
proximity to James Island was accessed for comparison, and provided surrogate 
data for the missing values.  Growing Degree-Days (GD) are then explained and 
calculated for James Island.  
Chapter 3 explains how climate data are used to estimate irrigation 
requirements through the calculation of evapotranspiration (ETo): the loss of 
water from the soil by evaporation from the soil surface and transpiration from the 
leaves of plants growing on it (Merriam-Webster, 2013). The methods for 
calculating ETo are presented and used to calculate the missing values for James 
Island.  This chapter also examines the complications with using precipitation data 
for irrigation scheduling.  Finally, James Island’s irrigation data are compared with 
the ETo and GD data in order to produce ratios of water use per millimeter (mm) of 
ETo and water use per GD.  The ratio of water use per GD is used to estimate 
potential future irrigation requirements based on the future climate projections in 
Chapter 4.  
 Chapter 4 examines the current state of future climate projections and 
emission scenarios (van Vuuren et al., 2011) and how they have evolved since the 
IPCC’s Third Assessment Report (Moss et al., 2008).   Following their detailed 
explanation, the future climate projections for James Island are presented.  Dr. 
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Adam Fenech at the University of Prince Edward Island (UPEI) provided access to 
the UPEI Climate Lab to calculate projections specifically for this study.  The data 
from these projections was then used to calculate future Growing Degree-Days, 
which were then multiplied by the irrigation ratio presented in Chapter 3 to 
produce an estimate of the future irrigation requirements for the James Island golf 
course. 
As the study results suggest an increase in irrigation requirements throughout 
the 21st century, the concluding chapter examines the merits of two alternative 
irrigation strategies: water reclamation and desalination.  Both strategies have the 
potential to reduce the reliance on freshwater resources for golf course irrigation.  
These strategies could prove vital towards sustaining not only island golf courses, 
but also island life itself in many regions (Mimura et al., 2007).  Finally, the use of 
saline-tolerant Seashore Paspalum as a golf course turfgrass is examined, which 
could prove to be a long-term solution for island and coastal golf courses facing a 
freshwater shortage (Duncan & Carrow, 2000).   
Adapting to our future climate will continue to be a necessity throughout the 
21st century and beyond.  The method for estimating future irrigation requirements 
presented in this study could therefore prove to be a valuable tool for establishing 
the data required for implementing effective adaptation measures for both island 
and mainland locales. 
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CHAPTER 2 – JAMES ISLAND CLIMATE  
 
In order to estimate the potential future irrigation requirements for the 
James Island golf course, it is necessary to establish the relationship between James 
Island’s current climate and irrigation practices.  For the purpose of this study, the 
superintendent of the James Island golf course provided all of their climate station 
data as well as their irrigation data from 2009 to 2013.  Since the James Island 
climate station is a feature of the irrigation system, it also calculates daily reference 
evapotranspiration (ETo) data using the Penman-Monteith equation (Allen, 
Pereira, Raes & Smith, 1998) to aid irrigation scheduling.  Unfortunately the 
Environment Canada climate stations do not measure ETo.  Subsequently the 
Hargreaves ETo equation (Allen et al., 1998) was employed to calculate surrogate 
data for the missing ETo values and provide a comparison of ETo values from each 
station.  The ETo and irrigation data are examined in Chapter 3.     
2.1 – Climate Station Data 
 
Table 2.1 presents all of the Environment Canada climate stations within 10 
km of James Island with daily data for the study period of 2009–2013.  Of the 3 
stations only Saanichton CDA and Victoria International Airport (YYJ) had a 
reasonably complete set of data for the study period (2009–2013).  Saanichton Mt. 
Newton is missing a large majority of daily data throughout the study period. 
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Station 
Name  
Proximity 
(km) 
Latitude Longitude Elevation 
Saanichton 
CDA 
6.05 48°37'18.000" N 123°25'08.000" W 61.0 m 
Saanichton 
Mt. Newton 
6.39 48°35'51.000" N 123°25'38.000" W 42.7 m 
Victoria INTL 
Airport (YYJ) 
7.97 48°38'50.010" N 123°25'33.000" W 19.5 m 
   
TABLE 2.1 – ENVIRONMENT CANADA CLIMATE STATIONS   
SOURCE: http://climate.weather.gc.ca 
  
As a result, only the Saanichton CDA and YYJ stations were selected for this 
study.  The Saanichton and YYJ stations are located 1.9 km apart and less than 8 km 
from James Island.  The data were accessed from the Environment Canada 
Historical Weather Data website (climate.weather.gc.ca) (Environment Canada, 
2015).     
The dataset from each station was subjected to quality control checks for 
both range and missing values.  In order to identify missing values, blank cells in 
the excel spreadsheets containing the climate data were highlighted and counted 
for each station and measurement (max/min/mean temperature, precipitation & 
evapotranspiration).  Table 2.2 summarizes the number of days missing data for 
each station during the study period. 
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YEAR James Island YYJ Saanichton 
2009 4 0 7 
2010 3 0 9 
2011 9 0 7 
2012 78 0 7 
2013 10 9 46 
Total 104 9 75 
 
TABLE 2.2 – DAYS WITH MISSING DATA  
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
The range checks ensured that consistency was maintained throughout each 
station’s measurement of temperature and precipitation.  For example, 
precipitation values could not be less than zero and maximum temperatures were 
higher than minimums with the mean in between the two. Results of the range and 
missing data checks are shown in tables 2.3–2.6.  
Station Name  Maximum  Minimum  Mean  Missing  
James Island 20.1 -6.2 7.4 82 
Saanichton CDA 18 -8.5 6.2 54 
YYJ 17 -10.5 5.5 8 
 
TABLE 2.3 – RANGE AND MISSING DATA CHECKS – MIN TEMPERATURE (°C) 
2009–2013 
 SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
Station Name  Maximum  Minimum  Mean  Missing  
James Island 35.3 -2.03 14.5 86 
Saanichton CDA 33.5 -3 13.4 26 
YYJ 35 -2.4 14.2 8 
 
TABLE 2.4 – RANGE AND MISSING DATA CHECKS – MAX TEMPERATURE (°C) 
2009–2013  
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
 
 
 
 
 
 
 27 
Station Name  Maximum  Minimum  Mean  Missing  
James Island 26.3 -4.1 10.9 86 
Saanichton CDA 25.3 -4.8 9.8 75 
YYJ 26 -6 9.9 8 
 
TABLE 2.5 – RANGE AND MISSING DATA CHECKS – MEAN TEMPERATURE (°C)    
                         2009–2013   
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
 
Station Name  Maximum  Minimum  Mean  Missing  
James Island 72.1 0 2.1 82 
Saanichton CDA 66.2 0 2.5 16 
YYJ 51.8 0 2.3 9 
 
TABLE 2.6 – RANGE AND MISSING DATA CHECKS – PRECIPITATION (MM)  
                         2009–2013   
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
Thirty-year climate normals were also available for the Saanichton and YYJ 
stations for 1961-1990, 1971-2000 and 1981-2010.  As a result a brief comparison 
is presented between the five-year study period and the 30-year climate normal 
from 1971 to 2000.  The climate normals from 1971 to 2000 were selected for 
comparison because according to Environment Canada, only they were calculated 
in accordance with the World Meteorological Organization standards (World 
Meteorological Organization [WMO], 1989) for both temperature and precipitation 
for both stations.   
In 1989 the WMO established guidelines for the calculation of monthly and 
annual 30-year standard climate normals.  When calculating monthly and annual 
averages from daily data, the “3 and 5 rule” must be applied.  If the monthly data 
contains more than three consecutive days or more than five days total of missing 
data the monthly mean should not be computed and should be considered as 
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missing (WMO, 1989 p.5).  If more than three consecutive or five total year-month 
values are missing, the 30-year standard normal should not be calculated (WMO, 
1989, p. 8).  When calculating totals such as precipitation and growing degree-days, 
an individual month is required to be 100% complete in order to be included in the 
climate normals.  Degree-days represent the number of degrees Celsius that the 
mean temperature is above or below a certain base.  Values above 5°C are 
frequently called growing-degree days and are used as an index of crop growth 
(Environment Canada, 2014).  For the purpose of this study, values above 10°C 
were counted as growing degree-days to provide a more accurate representation of 
the growing conditions of the James Island turfgrass.   
Although the period of 2009–2013 is not long enough to constitute a climate 
normal, the 3 and 5 rule was applied when calculating the monthly and annual 
averages, as well as growing degree-days and precipitation totals from each climate 
station.  In order to satisfy the 3 and 5 rule, surrogate data were used to fill in the 
missing values for each station. 
The methodology used to calculate surrogate data was adapted from the 
method presented by Schroeter, Boyd and Whiteley at the Ontario Water Conference 
2000 in Richmond Hill, Ontario (Schroeter et al., 2000). This method has subsequently 
been applied for a Climate data gap-filling project for the Ontario Ministry of Natural 
Resources (Schroeter & Associates, 2008).  The adaptation applied to their method for 
this study was in the selection of the surrogate climate stations. Whereas Schroeter & 
Associates selected the closest station by proximity to provide surrogate data, this study 
selected the most similar station in terms of daily and monthly averages.    
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The surrogate data were calculated by determining the average daily 
difference between each climate station’s measurement of precipitation, maximum 
and minimum temperature on a monthly basis.  This difference was then applied to 
available data from the most similar station for the period of missing data.  
For example, in years with available data the average difference in daily 
precipitation during the month of December between James Island and Saanichton 
was 0.52mm.  The difference between James Island and YYJ was 0.43mm. Therefore 
the precipitation data for James Island from December 1 to 13, 2012 (missing), was 
calculated as 0.43mm less than those day’s values as measured by the YYJ station, 
to a minimum of 0mm.  If there were no precipitation at the surrogate station for 
the missing day then the missing value would remain 0.  The same method was 
applied for missing temperature values.  
 Surrogate data were only calculated when required to satisfy the 3 and 5 
rule for monthly, seasonal and annual average temperatures.  All missing 
precipitation and temperature data were substituted with surrogate data to 
calculate the precipitation totals and degree-days, in accordance with the WMO 
standards.  The following sections present comparisons of the climate station data 
on an annual, seasonal, monthly and daily basis from 2009 to 2013. 
2.2 – Temperature 
 
 Based on the comparison of five years of weather data from each climate 
station and the 30-year climate normals for Saanichton and YYJ, it is evident that 
James Island has its own microclimate.  Annual mean temperatures as measured on 
James Island were 10.9˚C, 1.1˚C warmer than the average measured by the 
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Saanichton station (9.8˚C) and 1˚C warmer than YYJ (9.9˚C) (Figure 2).  This is also 
0.9˚C warmer than the 30-year climate normal measured by the Saanichton station 
and 1.2˚C warmer than the 30-year climate normal measured by the YYJ station 
(Appendix A).  The greatest measured temperature difference between the climate 
stations was between the average minimum temperatures of James Island and YYJ.  
James Island averaged minimum temperatures of 7.4˚C, 1.8˚C warmer than YYJ 
(5.5˚C).  Saanichton averaged 6.2˚C (Figure 3).  This is consistent with the 30-year 
climate normals as James Island’s average annual minimum temperature was 2.1˚C 
warmer than YYJ and 1.2˚C warmer than Saanichton.  The most similar average was 
between the maximum temperatures of James Island and YYJ.  James Island 
averaged 14.6˚C, 0.3˚C warmer than the YYJ station (14.2˚C).  Saanichton averaged 
13.4˚C (Figure 4).  This was also reflected in the climate normals as James Island’s 
average maximum temperature measured 0.5˚C warmer than YYJ and 1.8˚C warmer 
than Saanichton.  The greatest temperature difference in a single year during the 
study period occurred in 2010 when the average minimum temperature on James 
Island was 1.91˚C warmer than YYJ (Figure 3).  The most similar single year 
temperature average was in 2011 when the maximum temperature on James Island 
averaged 0.15˚C warmer than YYJ (Figure 4).   
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FIGURE 2 – ANNUAL MEAN TEMPERATURE – DEGREES CELSIUS (˚C) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
 
 
  
 
FIGURE 3 – AVERAGE MINIMUM TEMPERATURE – DEGREES CELSIUS (˚C) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
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FIGURE 4 – AVERAGE MAXIMUM TEMPERATURE – DEGREES CELSIUS (˚C)  
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
Examining temperatures on an average seasonal, monthly and daily basis 
revealed that the warmer temperatures on James Island are consistent throughout 
the year.  Average mean temperatures on James Island during the five-year study 
period were warmer every season (Figure 5), month (Figure 6) and day (Figure 7) 
of the year.  When the data are broken down separately into average max and min 
temperatures on a seasonal and monthly basis, James Island’s temperatures 
remained warmer for both values every season and month of the year (Appendix 
A).  Seasonally, the greatest difference in temperature is between the average 
minimums of James Island and YYJ during the autumn months (2.3˚C).  The most 
similar temperature is between the average maximums of James Island and YYJ 
during the summer months (0.2˚C).  In terms of monthly temperature differences, 
the greatest difference occurs between James Island and YYJ during the months of 
October and November (2.6˚C).  The most similar monthly temperature difference 
is between the maximums of James Island and YYJ during the month of June (0.2˚).   
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FIGURE 5 – AVERAGE SEASONAL MEAN TEMPERATURE – DEGREES CELSIUS  
                       (˚C) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
  
 
FIGURE 6 – AVERAGE MONTHLY MEAN TEMPERATURE – DEGREES CELSIUS  
                       (˚C) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
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never measured warmer than James Island on the same day at either station. 
(Appendix A).     
 
 
FIGURE 7 – AVERAGE DAILY MEAN TEMPERATURE – DEGREES CELSIUS (˚C) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station 
 
Further evidence of James Island’s microclimate became apparent when 
examining the number of growing degree-days calculated from the temperature 
data of each climate station.  James Island averaged 965 degree-days annually 
during the five-year study period (Figure 8).  Saanichton averaged 779 (Figure 9) 
and YYJ averaged 816 (Figure 10).  The highest total of growing degree-days was 
1043 on James Island in 2009 and the lowest was 704 at Saanichton in 2011. 
0
5
10
15
20
25
0
1
-J
an
1
3
-J
an
2
5
-J
an
0
6
-F
eb
1
8
-F
eb
0
1
-M
ar
1
3
-M
ar
2
5
-M
ar
0
6
-A
p
r
1
8
-A
p
r
3
0
-A
p
r
1
2
-M
ay
2
4
-M
ay
0
5
-J
u
n
1
7
-J
u
n
2
9
-J
u
n
1
1
-J
u
l
2
3
-J
u
l
0
4
-A
u
g
1
6
-A
u
g
2
8
-A
u
g
0
9
-S
ep
2
1
-S
ep
0
3
-O
ct
1
5
-O
ct
2
7
-O
ct
0
8
-N
o
v
2
0
-N
o
v
0
2
-D
ec
1
4
-D
ec
2
6
-D
ec
˚C
  
James Island YYJ Saanichton
 35 
  
 
FIGURE 8 – ANNUAL GROWING DEGREE-DAYS – JAMES ISLAND 
SOURCE: James Island Climate Station 
 
  
 
FIGURE 9 – ANNUAL GROWING DEGREE-DAYS – SAANICHTON 
SOURCE: http://climate.weather.gc.ca 
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FIGURE 10 – ANNUAL GROWING DEGREE-DAYS – YYJ 
SOURCE: http://climate.weather.gc.ca 
 
2.3 – Precipitation 
  
James Island’s average annual precipitation during the study period was 
756.4mm.  This is 83mm less precipitation per year than the YYJ station (839mm) 
and 136mm less than the Saanichton station (892.3mm) (Figure 11).  The five-year 
averages are slightly less than the climate normals for YYJ (883.3mm) and 
Saanichton (906.1mm) yet are consistent in terms of the comparison relative to 
James Island.  The most precipitation noted in a single year was measured in 2012 
by the Saanichton station (1017.4mm).  The lowest amount was measured in 2013 
at YYJ (670.2mm).  On James Island the highest amount of precipitation also 
occurred in 2012 (848.3mm) while the lowest was in 2013 (679.7mm).  2013 was 
the only year during the study period where James Island measured more 
precipitation than either of the other two stations.   
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FIGURE 11 – TOTAL ANNUAL PRECIPITATION – MILLIMETRES (MM) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station   
       
 The seasonal distribution (Figure 12) reveals that the large majority of 
precipitation occurs outside of the golf course growing season (April–October).  
During the summer, when the higher temperatures result in high water demands 
for turfgrass, precipitation is at its lowest point of the year.  As a result, irrigation is 
the only option for maintaining the golf course turfgrass.  The amount of 
precipitation can fluctuate substantially on an annual and seasonal basis, which 
makes irrigation scheduling difficult for irrigation managers (Ragab, 1996).         
The process of using weather and climate data for scheduling irrigation is 
discussed in Chapter 3.                   
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FIGURE 12 – AVERAGE SEASONAL PRECIPITATION – MILLIMETRES (MM) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station  
According to the monthly distribution, November was the wettest month of 
the year at all three stations while July was the driest (Figure 13).  The James Island 
climate station averaged 136.1mm during the month of November compared to 
152.7mm for YYJ and 160mm for Saanichton.  In July, James Island averaged 
13.6mm compared to 10.6mm for YYJ and 12mm for Saanichton.  Historically 
(1971–2000), December has been the wettest month for YYJ (151.2mm) while 
November has been for Saanichton (155.6mm).  July has been the driest month for 
both Saanichton (20.6) and YYJ (19.5mm).      
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FIGURE 13 – AVERAGE MONTHLY PRECIPITATION – MILLIMETRES (MM) 
SOURCE: http://climate.weather.gc.ca & James Island Climate Station  
 
According to the daily data, the wettest day measured at any station was 
December 12, 2010, on James Island (72.1mm).  Interestingly, the wettest day 
measured by the Saanichton station was December 11, 2010 (66.2mm).  James 
Island only measured 2mm on December 11, 2010, and Saanichton measured only 
2.2mm on December 12, 2010.  YYJ measured 20.6mm on December 11, 2010, and 
45.2mm on December 12, 2010.  The most likely explanation for this difference in 
the data is that a large storm must have passed through the region at an easterly 
heading around midnight on December 11 and reached James Island in the early 
morning hours of December 12.  The wettest day measured by the YYJ station was 
January 8, 2013 (52.8mm).  The daily precipitation data from all three stations is 
presented in Appendix A.  The seasonal and monthly data reveals that the large 
majority of precipitation occurs outside of the golf course growing season.  As a 
result, golf course managers must supplement the moisture that evaporates from 
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the soil and transpires through the leaves of the plants – a process called 
evapotranspiration (ETo) – with irrigation in order to maintain healthy turfgrass 
throughout the growing season.  Chapter 3 examines the relationship between ETo 
and irrigation for the golf industry and James Island.  
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CHAPTER 3 – EVAPOTRANSPIRATION & IRRIGATION 
 
 
Water use efficiency is one of the most important environmental issues of 
the 21st century. – Lonn, 2012, p. 54  
           
In 2009 the Golf Course Superintendents Association of America published 
the first comprehensive national environmental profile measuring water-use, 
source, cost, quality, and management and conservation strategies of golf courses 
and their maintenance practices in the United States (Throssel et al., 2009).  They 
surveyed 16,797 golf facilities in the United States to determine their irrigated 
acreage, water use, water cost, water sources, recycled water use, water quality, 
irrigation system characteristics, and water management and conservation 
strategies.  Fifteen percent of the golf facilities completed the survey and the 
respondents were stratified by agronomic region.  According to the authors, the 
data from this study provides an accurate portrayal of golf course water use and 
establishes a baseline for comparison with data from future studies (Throssel et al., 
2009).  The survey revealed that there are several different strategies employed by 
golf course irrigation managers to aid irrigation scheduling.       
Ninety-seven percent of the surveyed courses rely on simple observations of the 
turf, 82% use observations of the soil, 49% use short-term weather forecasts, 18% 
use ETo measurements from a weather service, 17% use ETo measurements from 
an on-site weather station, 6% use long-term weather records and 3% use soil 
moisture sensors.  Most courses will use more than one of these strategies 
(Throssel et al., 2009).  According to the James Island superintendent, they utilize 
ETo based irrigation scheduling from their on-site weather station in conjunction 
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with soil observations and short-term weather forecasts (C. Hart, personal 
communication, Oct. 16, 2014).    
The use of ETo to aid irrigation scheduling began in 1948 with the 
publishing of Howard Penman’s equation for estimating the evaporation of water 
from an open water surface (Penman, 1948).  In 1965, John Monteith adapted the 
equation to estimate evapotranspiration from vegetation (Monteith, 1965).  In 
1998, the Food and Agriculture Organization of the United Nations (FAO, n.d.) 
presented a further refined version of the Penman-Monteith equation in an effort to 
establish it as the sole, standardized method for calculating reference ETo in order 
to determine crop water requirements (Allen et al., 1998).  It is termed reference 
ETo because the equation calculates ETo for a  
Hypothetical crop with an assumed height of 0.12 m having a surface 
resistance of 70 s m-1 and an albedo of 0.23, closely resembling the 
evaporation of an extension surface of green grass of uniform height, 
actively growing and adequately watered. (Allen et al., 1998, n.p.) 
 
 The resulting reference data can be multiplied by a crop co-efficient to 
determine the actual ETo of a specific crop or turfgrass (Romero & Dukes, 2009).  
The FAO Penman-Monteith equation (FPM) has subsequently been accepted 
internationally as the best means for estimating ETo (Lonn, 2012, p. 53).  The FPM 
equation is detailed as follows: 
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Where: 
ETo = reference evapotranspiration [mm day-1] 
Rn = net radiation at the crop surface [MJ m-2 day-1] 
G = soil heat flux density [MJ m-2 day-1] 
T = mean daily air temperature at 2 m height [°C] 
u2 = wind speed at 2 m height [m s-1] 
es = saturation vapour pressure [kPa] 
ea = actual vapour pressure [kPa] 
es - ea = saturation vapour pressure deficit [kPa]  
 
(Allen et al., 1998, n.p.)  
 
 With all of the variables involved, using the FPM equation to schedule daily 
irrigation can be very difficult and time-consuming in the absence of a climate 
station and computer program to measure each parameter and perform the 
calculation.  The FAO provides detailed guidelines for calculating or estimating 
each variable in the FPM equation (Allen et al., 1998, n.p.), although it is quite 
cumbersome to summate all of them by hand to produce an accurate local 
reference ETo value.  Moreover, as the amount of missing climate data increases, 
the accuracy of the calculated reference ETo will decrease since many of the factors 
involved in the equation become estimates rather than direct measurements.  The 
FAO does offer software tools such as CLIMEWAT and CROPWAT to help calculate 
irrigation requirements using the data from 5,000 climate stations worldwide 
(FAO, n.d.), however the accuracy of these tools can be questionable depending on 
the proximity to the nearest climate station.  As was presented in Chapter 2, climate 
data can vary significantly between stations in the same region.  For golf courses 
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located in a microclimate such as James Island, relying on the data from these tools 
could lead to under- or over-watering.  As a result, several irrigation companies 
now offer similar tools and on-site climate stations for calculating reference ETo 
using the FPM equation as built-in features of the irrigation system (Brown & 
Kopec, 2014).  These programs can automatically shut off or adjust irrigation run-
times based on real-time local weather (Rainbird, n.d.).  James Island utilizes one of 
these built-in stations.  Having localized weather data to aid with irrigation 
scheduling is certainly beneficial for irrigation efficiency, yet as noted in the 
opening paragraph of this chapter only 17% of surveyed golf courses in the United 
States use ETo data from an on-site weather station for irrigation scheduling (Allen 
et al., 1998).  The following sections will examine James Island’s ETo and irrigation 
data from 2009 to 2013.  The results of this analysis are then extrapolated for 
estimating potential future irrigation requirements based on future climate 
projections in Chapter 4.  
3.1 – James Island Evapotranspiration 
 
Consistent with the climate data presented in Chapter 2, a range and missing 
data check was performed for the ETo data from the James Island climate station.  
The results are presented in Table 3.1 
Station Name  Maximum  Minimum  Mean  Missing  
James Island 6.49 0 2.05 104 
 
TABLE 3.1 – RANGE AND MISSING DATA CHECKS – EVAPOTRANSPIRATION  
                         2009–2013   
SOURCE: James Island Climate Station 
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 In total there were 104 days missing ETo data from 2009 to 2013.  The 
majority of missing dates occurred in 2012 when the climate station was shut 
down from October 4 through December 13.  No explanation was given for the 
remainder of the missing data.  Since the Saanichton and YYJ climate stations do not 
measure ETo, the method for calculating surrogate data in Chapter 2 could not be 
applied.  Alternatively, once the surrogate temperature data had been calculated, 
surrogate ETo data for the missing values could be calculated using the Hargreaves 
ETo equation, as described in the Food and Agriculture Organization’s (FAO) 
Guidelines for computing crop water requirements (Allen, et al., 1998).  The 
Hargreaves ETo equation allows for ETo to be calculated using only maximum and 
minimum air temperature data and extraterrestrial radiation (Ra).  Ra is a measure 
of the solar radiation received at the top of the earth's atmosphere on a horizontal 
surface and is a function of latitude, date and time of day (Allen et al., 1998).  The 
FAO guidelines conveniently provide a data table comprised of the Ra at different 
latitudes for the 15th day of each month.  According to the FAO, “Values for Ra on the 
15th day of the month provide a good estimate (error < 1 %) of Ra averaged over all 
days within the month” (Allen et al., 1998). The Hargreaves ETo equation is: 
ETo = 0.0023(Tmean + 17.8)(Tmax - Tmin)0.5 Ra (Allen et al., 1998). 
The units for both ETo and Ra are mm/day -1 and temperature is measured in 
degrees Celsius.   
In order to gauge the accuracy of the Hargreaves equation, it was used to 
calculate the total annual ETo accumulation from 2009 to 2013.  The results were 
then compared with the total annual ETo accumulation measured by the James 
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Island climate station, which uses the FPM equation.  The data from 2012 was 
omitted from this comparison due to the large amount of missing data.  Results of 
this comparison are presented in Table 3.2 
Year FPM Equation Hargreaves Equation 
2009 785.11 790.93 
2010 753.11 752.3 
2011 717.04 723.65 
2013 692.4 745.56 
 
TABLE 3.2 – TOTAL ANNUAL ETO ACCUMULATION – JAMES ISLAND –  
                         MILLIMETRES (MM)  
SOURCE: James Island Climate Station 
For 2009, 2010 and 2011 the difference in the results was no more than 6mm.  
However in 2013 the difference increased to 53.16mm.  A possible explanation for 
this anomaly is that the total wind run (m/s-1) and solar radiation (MJ m-2 day-1) in 
2013 measured less than every other year (omitting 2012).  These values are 
accounted for in the FPM equation but not the Hargreaves equation.  Reviewing the 
climate data revealed that the average daily wind run and solar radiation in 2013 
was in fact lower than the other years (Table 3.3). 
Year  Solar Radiation (MJ m-2 day-1) Wind Run (m/s-1) 
2009 329.29 72.72 
2010 299.94 61.57 
2011 291.86 70.24 
2013 283.85 58.88 
 
TABLE 3.3 – AVERAGE DAILY WIND RUN AND SOLAR RADIATION 
SOURCE: James Island Climate Station 
This probably does not account for the entire difference since there are 
other variables in the FPM equation such as vapour pressure and soil heat flux 
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density but it likely had a significant effect.  This demonstrates that the Hargreaves 
equation can be effective for determining ETo but it can also be imprecise.    
A visual comparison was also conducted in order to examine the pattern of 
ETo accumulation throughout each year.  Figures 14 and 15 present the visual 
check. 
  
 
FIGURE 14 – TOTAL ETO ACCUMULATION (FPM EQUATION) – JAMES ISLAND –  
   MILLIMETRES (MM)  
SOURCE: James Island Climate Station 
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FIGURE 15 – TOTAL ETO ACCUMULATION (HARGREAVES EQUATION) – JAMES        
                          ISLAND – MILLIMETRES (MM)  
SOURCE: James Island Climate Station 
 
It is clearly evident in the visual comparison that the pattern of ETo 
accumulation across the two different methods is congruent.  As a result of the 
accuracy and visual checks, it was determined that using the Hargreaves equation 
to provide surrogate data for the missing ETo values would be a suitable method 
for the purpose of this study.  Accuracy when measuring ETo is critical for 
irrigation managers in order to prevent over- or under-watering.  Therefore, “the 
computational challenges associated with the use of FPM do not justify using 
simpler equations in a risky way” (Kra, 2013, p. 44).  Since the use of the 
Hargreaves equation in this study is only to provide surrogate data for missing FPM 
values rather than actually scheduling irrigation, there is no tangible risk if the 
surrogate values are not exact.  Figure 16 presents James Island’s ETo from 2009 to 
2013 on a monthly basis. 
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FIGURE 16 – TOTAL MONTHLY ETO – JAMES ISLAND – MILLIMETRES (MM) 
SOURCE: James Island Climate Station 
 
 The month of July averaged the highest ETo rate at 129.7mm while 
December averaged the lowest at 12.2mm.  The highest ETo rate in a single month 
occurred in July 2010 (138.7mm) while the lowest occurred in December 2012 
(10.3mm).  The highest annual total was in 2009 (785.1mm) and the lowest was in 
2013 (692.4mm).  Interestingly, the total annual ETo rates are fairly similar to the 
total annual precipitation (Table 3.4), although when comparing the monthly 
distributions (Figure 16, Figure 17), the need for irrigation becomes obvious as the 
large majority of ETo occurs during the months with the least precipitation.  
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Year Rainfall ETo  
2009 750.57 785.11 
2010 805.18 753.11 
2011 728.98 717.04 
2012 843.18 744.01 
2013 654.18 692.40 
 
TABLE 3.4 – JAMES ISLAND RAINFALL AND EVAPOTRANSPIRATION –  
                         MILLIMETRES (MM) 
SOURCE: James Island Climate Station 
 
  
 
FIGURE 17 – TOTAL MONTHLY RAINFALL – JAMES ISLAND – MILLIMETRES  
                          (MM) 
SOURCE: James Island Climate Station 
       
 In addition to the large majority of precipitation falling outside of the 
growing season, only a small percentage of precipitation that falls during the 
growing season is effective in supplanting ETo and stimulating crop growth (Martin 
& Gilley, 1993).  This is a result of only a fraction of precipitation actually getting 
stored in the turf root-zone.  When rainfall occurs, the water is either intercepted 
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by vegetation or strikes the soil surface.  Water that is intercepted by vegetation 
(plant leaves) will either evaporate or drain down to the soil surface where it will 
either infiltrate, run off or remain in surface depressions and evaporate.  Water that 
infiltrates the soil surface either gets stored in the root-zone or percolates down 
deeper where it will recharge groundwater aquifers or return to streams (Martin & 
Gilley, 1993, p. 142).  The part of rainfall that gets stored in the root-zone and is 
used to meet the ETo of growing crops is known as “effective precipitation” (Martin 
& Gilley, 1993, p. 142).   
Determining the amount of effective precipitation from a rainfall event is 
very difficult as it is dependent on a number of factors.  These factors include the 
rainfall intensity, duration, soil infiltration characteristics, water-holding capacity, 
ground topography, depth of root system and even irrigation management (Martin 
& Gilley, 1993).  Rainfall that occurs following irrigation will have less effective 
precipitation because the water-holding capacity of the soil and root-zones will 
likely be filled.  Real-time estimates of effective precipitation can be calculated 
using the following formulas:  
∆SW = P + Fg + GW − RO − Dp − ETc − SDL  
 
Or as: ∆SW = Pe + Fn + GW − ETc  
 
With: Pe = P − ROr − Dpr  
 
And: Fn = Fg − ROf − Dpf − SDL  
 
Where:  
 
ROr = runoff from rainfall  
ROf = runoff from irrigation 
Dpr = deep percolation from rainfall 
Dpf = deep percolation from irrigation 
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Pe = effective precipitation 
∆SW = the change in soil moisture storage in the crop root zone 
P = total rainfall during the period 
Fg = gross irrigation amount during the period  
GW = ground water contribution during the period  
RO = surface runoff during the period 
Dp = deep percolation during the period 
ETc = crop evapotranspiration during the period 
SDL = spray and drift losses from irrigation water in air and off plant canopies  
All of these quantities have the same units, volume per unit area, or units of length  
 
(Martin & Gilley, 1993, p. 146). 
 
Unfortunately, determining many of the variables in these equations such as 
runoff and amount of deep percolation requires further estimates, resulting in 
unreliable measurements.  Scientists have also developed a simpler formula that 
estimates monthly effective precipitation based on 50 years of rainfall records at 
22 locations across the United States: 
Pe =SF0.70917Pt 0.82416 −0.11556(100.02426ETc)  
 
Where: 
 
Pe = average monthly effective monthly precipitation (in) 
Pt = monthly mean precipitation (in) 
ETc = average monthly crop evapotranspiration (in)  
SF = soil water storage factor  
 
The soil water storage factor was defined by:  
 
SF = (0.531747 + 0.295164D − 0.057697D2 + 0.003804D3)  
 
Where: 
 
D = the usable soil water storage (in)  
The value D was generally calculated as 40 to 60 percent of the available soil water 
capacity in the crop root zone, depending on the irrigation management practices 
used (Martin & Gilley, 1993, p. 147).    
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 The James Island golf course is comprised of a variety of soils, ranging from 
100% sand to a sandy loam and silty clay (C. Hart, personal communication, 
October 11, 2012).  Therefore the available soil water capacity can be different 
from hole to hole.  The FAO provides the following table describing the available 
water capacity for different soils:  
Soil Available water content in mm water depth per m soil 
depth (mm/m) 
Sand 25 to 100 
Loam 100 to 175 
Clay 175 to 250 
 
TABLE 3.5 – SOIL WATER CONTENT – MILLIMETRES PER METRE (MM/M) 
 
(Allen et al., 1998, Chapter 2).   
 Due to the large number of variables and unknown factors, an attempt at 
estimating the amount of effective precipitation on James Island is not performed 
in this study.  Nevertheless, the raw precipitation data during the growing season 
can still be useful when comparing the irrigation and climate data, as distinct 
correlations between the amount of precipitation, ETo and irrigation flow are 
evident in section 3.2.  
3.2 – James Island Irrigation  
 
 Following the calculation of reference ETo, the next step for irrigation 
managers is to convert it into the actual turfgrass irrigation requirements.  In order 
to accomplish this, the reference ETo is multiplied by an adjustment factor known 
as a crop coefficient (Kc) (Brown & Kopec, 2014).  Crop coefficients are dependent 
on a number of factors such as the turf type (cool vs. warm season grasses), grass 
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species, maturity, turf quality, turf height and the time of year (Brown & Kopec, 
2014; Romero & Dukes, 2009).  Kcs are also location-dependent so they must be 
determined for each specific climate zone.  Several studies of Kcs for different 
turfgrass species and climate regions of the United States have been compiled in a 
comprehensive literature review by Romero & Dukes (2009).  The United States 
Golf Association (USGA) has also performed a substantial amount of research on 
this subject (Harivandi et al., 2012; Nus, 2011) and further studies continue to be 
published (Ebdon et al., 2013) and updated (Brown & Kopec, 2014) to expand crop 
coefficient data to further regions and utilize the most recent climate data in the 
United States.  While most of these studies have been performed in the Southern 
United States – mainly Arizona, California, Texas, Nevada and Florida using warm-
season turfgrasses – recently studies have been published in cooler climates such 
as New England (Ebdon et al., 2013) and Norway (Aamlid et al., 2012).  In Canada, 
there have yet to be any published studies examining the Kcs of different turfgrass 
species in specific climate regions.  The Irrigation Industry Association of British 
Columbia simply recommends that a Kc of 0.7 can be applied for turfgrass under 
most of BC’s climate conditions (Gulik, 2004, p.9).  This recommendation is a 
generalization, as it does not account for any of the previously listed factors that 
are known to affect Kcs.  Using a generalized Kc will reduce overall irrigation 
efficiency which can lead to wasted water resources and further maintenance 
issues resulting from stressed or over-watered turf (Brown & Kopec, 2014).  It 
appears that, currently, irrigation managers in Canada must rely on their own trials 
and errors along with estimates based on studies from different regions of the 
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United Stated in order to determine Kcs for their specific turfgrass and locations.  
Further research should be conducted to determine Kcs for Canada’s climate 
regions.  The studies presented by Romero & Dukes (2009) and performed by the 
USGA and other researchers should be repeated using cool-season turf grass 
species in Canada’s different climate regions.           
 In addition to the Kc, the BC Ministry of Agriculture, Food and Fisheries 
recommends two more adjustment factors be included in the formula for 
determining the actual turfgrass irrigation requirement (IRt).  These factors are the 
allowable stress of the turfgrass and the irrigation system efficiency.  The allowable 
stress refers to the drought tolerance of the turfgrass species and the irrigation 
system efficiency is a measure of the percentage of water travelling through the 
irrigation system that actually makes it to the plant root-zone, accounting for 
system leaks and water used for other purposes (BC Ministry of Agriculture, Food 
and Fisheries, 2002).   The resulting formula for determining actual irrigation 
requirements is:     
IRt = ETo x Kc x allowable stress 
                         Irrigation system efficiency 
 When no other information is available they recommend a Kc of 0.75 and 
values of 0.7 for allowable stress and irrigation system efficiency (BC Ministry of 
Agriculture, Food and Fisheries, 2002).  As previously noted, these generalized 
values are not adequate for irrigating efficiently.  Further research is required to 
determine actual Kcs and allowable stress values for each turfgrass species in 
Canada’s different climate regions.  It must be noted, however, that irrigating golf 
courses is not an entirely scientific process.  In fact, many would argue that 
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turfgrass irrigation is just as much an art as it is a science (Kaminski, 2013).  In 
addition to grass types, factors such as soil composition, foot traffic, course 
maturity, regular aeration and hydrophobia drastically affect water infiltration.  
Therefore scientific data such as ETo rates and crop coefficients cannot be solely 
relied upon for determining irrigation requirements.  Rather they are important 
tools that should be used in conjunction with daily observations of the turf and soil 
to help irrigation managers make informed decisions.  “Superintendents who figure 
out how to combine the art with the science will likely continue to have the most 
success” (Kaminski, 2013, p.79). 
 According to the superintendent of James Island, the golf course was 
originally seeded with a Perennial Ryegrass and a Creeping Red Fescue blend, but 
due to the mild west coast climate a native Annual Bluegrass (Poa Annua) has 
become the dominant grass species.  An audit of the irrigation system was 
performed in 2010 and it was determined the system runs at 95% efficiency (C. 
Hart, personal communication, October 16, 2014).  This means that 5% of the 
irrigation water is lost to system leaks and other uses.  In the summers of 2009 and 
2010, irrigation to the James Island fairways and rough was shut off in order to 
preserve enough freshwater to sustain the more valuable green and tee areas 
throughout the growing season.  The golf course was expanded from ten to 
eighteen holes in 2008.  The irrigation demands of the immature turf combined 
with higher ETo in 2009 and 2010 compared with 2011–2013 (Table 3.4) 
exhausted the limited freshwater resources on the island. In the years 2011–2013, 
the entire course was sustained throughout the year.  As a result, comparing the 
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total irrigation data from 2009 to 2013 is problematic due to the irrigated areas 
being inconsistent.  Moreover, several of the tee areas were either renovated or 
rebuilt during these years.  The only area of the golf course that has remained 
consistent and irrigated from 2009 to 2013 is the greens.  Consequently only the 
irrigation data from the greens is analyzed in this study.  Table 3.6 presents the 
total greens irrigation from 2009 to 2013 along with the total ETo and precipitation 
during the growing season (April–October).    
Year Irrigation 
Flow (m3) 
ETo (mm) Precipitation 
(mm) 
Irrigation/(ETo-
Precipitation) (m3/mm) 
2009 7165.8 670.9 315.0 20.1 
2010 8100.8 636.2 286.0 23.1 
2011 5401.8 584.2 262.9 16.8 
2012 5840.9 628.9 288.0 17.1 
2013 4890.8 620.1 331.0 16.9 
Avg. 6280.0 628.1 296.6 19.0 
 
TABLE 3.6 – TOTAL GREENS IRRIGATION (M3), ETO & PRECIPITATION (MM) 
SOURCE: James Island Climate Station & Irrigation Data 
The irrigation flow in 2010 was considerably higher than any other year in 
the study period.  Irrigation in July 2010 (2725.5m3) was well above the average 
for that month (1601m3) and accounts for the majority of the increased irrigation.  
ETo was higher in July 2010 (138.68mm) than any other month in the study period 
(Figure 16) and rainfall measured only 1.27mm.  Almost identical ETo (138.38mm) 
and even less rainfall (0mm) was recorded in July 2013, yet the irrigation flow was 
substantially less (1775.36m3).  A likely explanation for this inconsistency is that 
the turfgrass root-zones of the new eight holes were much less established in 2010 
than in 2013, resulting in higher irrigation requirements.  Comparing irrigation and 
climate data can certainly aid with determining irrigation requirements but should 
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not be used as a substitute for actually observing the turf and probing the soil.   
Figure 18 presents James Island’s monthly greens irrigation flow from 2009 to 
2013.  
 
  
 
FIGURE 18 – TOTAL MONTHLY GREENS IRRIGATION – CUBIC METRES (M3) 
SOURCE: James Island Irrigation Data 
 
 May 2012 was another month with significantly higher than average 
irrigation flow (1896.5m3).  The five-year average for May was 997.1m3.  Based on 
the irrigation data, we can expect that ETo was higher and precipitation was lower 
in May 2012 compared to the other years.  This was in fact the case as ETo 
measured 108mm, which was the most for the month of May during the study 
period (Figure 16).  Precipitation measured 22.1mm, which was the lowest 
measure for May (Figure 17).  Conversely, the irrigation flow in June 2012 
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June 2012 compared to the other years in the study period.  These monthly 
extremes reveal there is an observable correlation between the climate and 
irrigation data.   
 Another method for comparing the climate and irrigation data is using the 
growing degree-days that were presented in Chapter 2.  Dividing the total irrigation 
flow by the number of growing degree-days during the growing season (April–
October) results in a ratio that can be used for comparing the irrigation data of each 
year in the study period.  This ratio is also used as the foundation of a new method 
for estimating potential future irrigation requirements based on future climate 
projections.  The new method along with the future climate projections for James 
Island is presented in Chapter 4.  Table 3.7 presents the ratio of irrigation flow per 
growing degree-day.  
Year Total GD Days 
(Apr - Oct) 
Greens Irrigation 
Flow (m3) 
Irrigation 
Flow/GD (m3) 
2009 1041.9 7165.8 6.9 
2010 923.0 8100.8 8.8 
2011 861.7 5401.8 6.3 
2012 948.5 5840.9 6.2 
2013 1004.7 4890.8 4.9 
Average 956.0 6280.0 6.6 
 
TABLE 3.7 – TOTAL IRRIGATION FLOW PER GROWING DEGREE-DAYS 
SOURCE: James Island Climate Station & Irrigation Data  
The one issue with this method of comparison is that it does not factor in the 
precipitation data.  As discussed earlier in this Chapter, the amount of effective 
precipitation on James Island is an unknown fraction of the total rainfall.  Yet the 
effect of precipitation on irrigation requirements is clearly evident when 
comparing the monthly irrigation and climate data.  The reason 2013 had the 
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lowest ratio of 4.9m3 of irrigation per GD was very likely due to it having the 
highest amount of precipitation during the growing season (331mm).  The ratio in 
Table 3.6 is therefore a more accurate portrayal of irrigation efficiency, whereas 
the ratio in Table 3.7 simply presents a general average of water use per GD.  Since 
potential future GDs can be easily calculated from future climate scenarios, this 
average ratio can be used to create preliminary estimates of future irrigation 
requirements.  These estimates can subsequently be adjusted to account for 
different future precipitation scenarios. 
  
 61 
CHAPTER 4 – FUTURE CLIMATE & IRRIGATION PROJECTIONS 
 
4.1 – Climate Models & Emission Scenarios 
 
Climate models are the primary tools available for investigating how the 
global climate system reacts to the changing concentrations of greenhouse gases 
(GHGs) and aerosols in our atmosphere and predicting future climate (Flato et al., 
2013).  There is currently a vast array of climate models that have been developed, 
all of which use mathematical equations to simulate the Earth’s physical and 
chemical processes (Fenech et al., 2007).  Global Climate Models (GCMs) divide the 
Earth into a three-dimensional grid covering all land, sea-ice, oceans and the 
atmosphere, and calculate predicted variables at each grid point over time (WMO, 
n.d.).  Land variables include temperature and moisture content of the soil; sea-ice 
variables include temperature and thickness of the ice-pack; ocean variables 
include the density, salinity and velocity of the ocean water; and atmospheric 
variables include temperature, pressure, wind and humidity (Fenech et al., 2007).  
The distance between each grid point is known as the resolution.  As the resolution 
increases, so, too, do the computing requirements.  As a result, GCMs rely on some 
of the world’s most advanced supercomputers to process these calculations (WMO, 
n.d.). 
In the IPCC’s Fourth Assessment Report (AR4), Atmosphere-Ocean General 
Circulation Models (AOGCMs) were regarded as the standard models for predicting 
future climate (Randall et al., 2007).  These models calculate the physical variables 
for each component (land, sea-ice, oceans and atmosphere) of the Earth’s climate 
system.  In total, the results of 24 different AOGCMs were utilized for producing the 
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findings presented in AR4 (IPCC, 2007a).  Each of these models calculates climate 
projections based on two or three different emission scenarios, resulting in 
approximately 72 potential future climate scenarios (Fenech et al., 2007). With the 
release of the IPCC’s Fifth Assessment Report (AR5) (IPCC, 2013), AOGCMs were 
expanded upon to create Earth System Models (ESMs) which also include 
representations of the Earth’s biogeochemical cycles (carbon-cycle, sulphur-cycle, 
ozone).  ESMs are now considered the most advanced and comprehensive tools for 
simulating past and future responses of the climate system to changes in GHG and 
aerosol concentrations in the Earth’s atmosphere (Flato et al., 2013).    
Emission scenarios describe the different ways in which GHG and aerosol 
emissions could evolve over the next 100 years and are the main source of 
uncertainty when it comes to modeling the future climate (Fenech et al., 2007).  
Changes in the atmospheric concentrations of GHGs and aerosols affect the 
absorption, scattering and emission of radiation within the atmosphere and at the 
Earth’s surface, resulting in a positive or negative change in energy balance, which 
drives climate change (IPCC, 2007b).  This process is termed radiative forcing, 
which is defined in AR4 as 
A measure of the influence a factor has in altering the balance of incoming 
and outgoing energy in the Earth-atmosphere system and is an index of the 
importance of the factor as a potential climate change mechanism. In this 
report radiative forcing values are for changes relative to pre-industrial 
conditions defined at 1750 and are expressed in watts per square metre. 
(W/m2) (IPCC, 2007b, p. 36) 
  
Preceding the IPCC’s Third Assessment Report (TAR) (IPCC, 2001), a 
multitude of emission scenarios were developed and grouped into four separate 
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storylines (A1, A2, B1, B2) representing the wide range of possible future GHG 
emissions based on how human population, energy technologies, economies and 
societies evolve in the 21st century (IPCC, 2000).  The same emission scenarios 
were utilized for modeling the climate in AR4 (IPCC, 2007b).  In the build-up to the 
IPCC’s Fifth Assessment Report (AR5), the scientific community was tasked with 
developing new emission scenarios that provided the information required to run 
the new generation of increasingly sophisticated climate models (ESMs) (van 
Vuuren et al., 2011).  These new scenarios are known as Representative 
Concentration Pathways (RCPs) (Moss et al., 2008).  The term representative was 
chosen because each RCP represents a larger set of scenarios that have been 
previously established in the scientific literature (van Vuuren et al., 2011).  
Essentially, the RCPs consolidate hundreds of separate emission scenarios into four 
concentration pathways based on the radiative forcing of different concentrations 
of GHGs and aerosols in the atmosphere.  These different concentration scenarios 
are termed pathways for they are not to be considered forecasts or absolute 
certainties.  Rather they represent plausible alternative future conditions based on 
potential socioeconomic scenarios (Moss et el., 2008).  Each RCP represents 
different atmospheric concentrations of radiative forcing agents resulting from the 
socioeconomic development of the human race to the year 2100.  Extensions have 
also been formulated for the period 2100–2300 (van Vuuren et al., 2011).  The four 
RCPs are presented in Table 4.1, adapted from Moss et al., (2008). 
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Name Radiative Forcing1 Concentration2 Pathway Shape 
RCP8.5 >8.5 W/m2 in 2100 > ~1370 CO2-eq in 
2100 
Rising 
RCP6 ~6 W/m2 at stabilization 
after 2100 
~850 CO2-eq (at 
stabilization after 
2100) 
Stabilization 
without overshoot 
RCP4.5 ~4.5 W/m2 at stabilization 
after 2100 
~650 CO2-eq (at 
stabilization after 
2100) 
Stabilization 
without overshoot 
RCP3-PD Peak at ~ 3 W/m2 before 
2100 and then decline 
Peak at ~490 CO2-
eq before 2100 
and then decline 
Peak and decline 
1 Approximate radiative forcing levels were defined as ±5% of the stated level in 
W/m2. Radiative forcing values include the net effect of all anthropogenic GHGs and 
other forcing agents. 
 
2 Approximate CO2 equivalent (CO2 -eq) concentrations. The CO2 –eq 
concentrations were calculated with the simple formula Conc = 278 * 
exp(forcing/5.325). Note that the best estimate of CO2 -eq concentration in 2005 
for long-lived GHGs only is about 455 ppm, while the corresponding value including 
the net effect of all anthropogenic forcing agents (consistent with the table) would 
be 375 ppm CO2 -eq.  
 
TABLE 4.1 – TYPES OF REPRESENTATIVE CONCENTRATION PATHWAYS 
 
(Moss et al., 2008, p.34). 
 With the establishment of the RCPs, the most recent and sophisticated 
climate models can be run for each pathway.  This results in a range of potential 
future climate scenarios of unprecedented scientific quality that can be referenced 
for developing climate change mitigation and adaptation strategies.  Section 4.2 
presents the results of these climate models for James Island, B.C.  
4.2 – Future Climate Projections 
 
To calculate the potential future climate projections for James Island, the 
University of Prince Edward Island Climate Lab ran a total of 40 versions within 23 
climate models between 1 and 10 times, each using a minimum of 1 RCP (Appendix 
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B).  The climate models were computed using the common 1 x 1 degree grid 
resolution (Canadian Climate Data and Scenarios, 2015).  This resulted in 271 
unique predictions for the prospective change in both mean temperature and 
precipitation.  When including the mean results of climate models that were run 
multiple times, 311 potential future scenarios were calculated.  
Since preparing for 311 future scenarios is an unrealistic task for the many 
stakeholders involved, further analysis is required for planners to gain perspective 
from the abundance of climate data.  There are three principal approaches for 
selecting which projections to use in planning for the future: the extremes 
(max/min) approach; the ensemble approach; and the validation approach (Fenech 
et al., 2007).  The extremes (max/min) approach suggests planning within the full 
range of possible outcomes, from the minimum to the maximum potential change.  
The ensemble approach suggests planning for the average result of all of the 
climate models.  The validation approach suggests that models that best represent 
historical climate data when run back through time should be the ones used for 
planning (Fenech et al., 2007).  The projected temperature change for each 
approach is presented in Figure 19.  The projected change in precipitation is 
presented in Figure 20.  All of the changes shown are in relation to the baseline 
period of 1981–2010.  The climate models that provided the results for the 
validated approach are highlighted in Appendix B.  
Using the ensemble approach (and others in parentheses), results suggest 
that future changes in annual mean temperature are 0.9°C for the 2020s (1.8°C 
maximum, 0.2°C minimum, 1.1°C validated), 1.9°C in the 2050s (4.1°C maximum, 
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0.1°C minimum, 2.1°C validated) and 2.8°C in the 2080s (6.3°C maximum, -0.4°C 
minimum, 3.0°C validated).  The future changes in annual precipitation are an 
increase of 2.0% in the 2020s (increase of 18.7% maximum, decrease of 8.2% 
minimum, increase of 3.7% validated), an increase of 4.5% in the 2050s (increase 
of 19.9% maximum, decrease of 5.7% minimum, increase of 7.6% validated) and an 
increase of 6.6% in the 2080s (increase of 23.9% maximum, decrease of 4.3% 
minimum, increase of 9.5% validated).  
 
 
 
FIGURE 19 – FUTURE CHANGES IN ANNUAL MEAN TEMPERATURE (°C) – JAMES  
                 ISLAND 
SOURCE: James Island Future Climate Scenarios (Appendix C) 
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FIGURE 20 – FUTURE CHANGES IN ANNUAL PRECIPITATION (%) – JAMES  
                          ISLAND 
SOURCE: James Island Future Climate Scenarios (Appendix C) 
 
In order to estimate how James Island’s future irrigation requirements could 
be impacted, the projected changes in mean temperature for the 2020s, 2050s and 
2080s were each added to James Island’s mean daily temperatures from 2009 to 
2013.  Subsequently, the future growing degree-days (GDD) was calculated using 
the same method presented in Chapter 3.  After calculating the projected future 
GDD, the ratio of Irrigation Flow (m3)/GD was used to estimate the future change in 
irrigation requirements.  These potential future changes only account for the 
months in the current irrigation season (April–October).  It is possible that in the 
future the irrigation season may need to expand, in which case the future irrigation 
flow of additional months will need to be included.  It must also be reiterated that 
these potential changes in irrigation requirements do not factor in the changes in 
precipitation.  While increases in annual precipitation could offset some of the 
increased irrigation requirements, it will entirely depend on the distribution of 
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rainfall.  If all of the increased precipitation occurs outside of the growing season, 
its effect on irrigation requirements will be negligible.  However, if sufficient 
collection and storage infrastructure were in place, the increased precipitation 
would be beneficial towards maintaining the irrigation water supply.       
The potential change (%) in future irrigation requirements for James Island 
based on future GD is presented in Figure 21.  The changes (%) shown are in 
relation to the mean greens irrigation flow from 2009 to 2013.  Using the ensemble 
approach (and others in parentheses), the results suggest an increase of 17% in the 
2020s (36.3% maximum, 1.9% minimum, 20% validated), an increase of 38.5% in 
the 2050s (88.1% maximum, 0.01% minimum, 43.8% validated) and an increase of 
57.9% in the 2080s (138.5% maximum, a decrease of 10% minimum, increase of 
63% validated).   
 
 
FIGURE 21 – FUTURE CHANGES IN ANNUAL IRRIGATION (%) – JAMES ISLAND   
SOURCE: James Island Climate Station, Irrigation Data & Future Climate Scenarios 
(Appendix C) 
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The main issue with this method for estimating the future changes in annual 
irrigation is that it is based on a uniform increase in the mean temperature 
throughout the year.  For example, the projected mean temperature for the 
ensemble approach in the 2050s is 1.9°C.  To calculate the future GDD for the 
2050s, 1.9°C was added to every day’s mean temperature from 2009 to 2013.  In 
reality, the increase in daily mean temperature will not occur uniformly throughout 
the year.  Winters could very well be colder and summers hotter, resulting in the 
same average temperature increase but a much higher future GDD during the 
growing season.  Alternatively winters could become warmer and summers cooler 
resulting in a lower future GDD during the growing season.  To overcome these 
discrepancies, the climate models would have to be run on a monthly or daily 
timescale, requiring an exponential increase in computing time and power.  As 
climate models and computer technology continue to evolve, it is anticipated that  
future projections on a monthly and eventually daily timescale will become readily 
available.   
 Secondly, the future climate projections present change in temperature and 
precipitation in relation to the annual mean during the baseline period of 1981–
2010 for a 1 x 1 degree area that contains James Island.  However there is no daily 
baseline weather data available specifically for James Island.  Ideally, the future 
GDD would have been calculated by adding the temperature change to James 
Island’s daily mean from 1981 to 2010 rather than 2009–2013.  The ratio of 
Irrigation Flow (m3)/GD from 2009 to 2013 would still be used since 2009 was 
when the entire 18-hole golf course was complete.  Daily baseline data is available 
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from the two surrogate weather stations located in close proximity to James Island 
presented in Chapter 2 (Saanichton CDA, YYZ).  For comparison’s sake, the future 
GDD from both of these stations was calculated using their monthly mean 
temperature during the growing season from the baseline period (1981–2010) and 
the James Island future climate projections.  The ratio of Irrigation Flow (m3)/GD 
was then applied.  These future irrigation scenarios are presented in Figures 22 
and 23.   
 
 
FIGURE 22 – FUTURE CHANGES IN ANNUAL IRRIGATION (%) – JAMES ISLAND  
                         (SAANICHTON CLIMATE STATION) 
SOURCE: http://climate.weather.gc.ca, James Island Irrigation Data & Future 
Climate Scenarios (Appendix C) 
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FIGURE 23 – FUTURE CHANGES IN ANNUAL IRRIGATION (%) – JAMES ISLAND  
                         (YYJ CLIMATE STATION) 
SOURCE: http://climate.weather.gc.ca, James Island Irrigation Data & Future 
Climate Scenarios (Appendix C) 
 
While the resulting trends appear similar, the extent of the change projected 
when using the baseline data from the YYZ and Saanichton CDA weather stations is 
reduced by an average of 19% and 14% respectively.  These results are likely a 
more accurate representation of the potential changes in future irrigation 
requirements for James Island since they are based on the temperature change in 
relation to the 30-year baseline period (1981–2010) rather than the five-year 
period presented in Figure 21.  Further enhancement of the spatial resolution from 
the common 1 x 1 degree area would also help create a more accurate depiction of 
James Island’s future climate and irrigation requirements as the data presented in 
Chapter 2 revealed the island as a microclimate. 
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Despite the accuracy of the results being limited by the available data, the 
method presented for estimating changes in future irrigation requirements is 
sound and could be a useful application not only for golf courses, but any industry 
that relies on irrigation – such as agriculture.  Future studies can certainly improve 
upon the accuracy of the results as years of data continue to be collected, methods 
for including precipitation are developed and climate projections on a monthly or 
daily timescale and at a finer spatial resolution become more readily available. 
  
 73 
CHAPTER 5 – CONCLUSIONS 
 
While it remains possible that James Island could observe a decrease in 
irrigation requirements, based on the results presented in Chapter 4 it is likely that 
James Island’s irrigation requirements will be increasing throughout the 21st 
century (Figures 21, 22, 23).  Although the full extent of this potential change 
requires further study, it would be prudent for James Island to be proactive in 
reducing the demand on their limited freshwater resources.  There is robust 
evidence that Earth temperatures will continue rising (IPCC, 2013) while the 
availability of freshwater declines throughout the 21st century and beyond (IPCC, 
2014a).  According to multiple IPCC reports (Mimura et al., 2007; Nurse et al., 
2014), islands around the world will be at the forefront of experiencing the effects 
of climate change.  However the impacts may be reduced through effective 
adaptation measures (Nurse et al., 2014, p. 1618).  For James Island, these include 
increasing the supply through processes such as desalination and water 
reclamation, along with strategies for decreasing the demand.      
This case study of James Island’s current climate, irrigation and projected 
future climate has shown that scientific tools are available for golf course managers 
to forecast potential future irrigation requirements in order to begin the process of 
adaptation.  Desalination and water reclamation are intriguing alternatives to 
ground and surface water extraction, and several studies have evaluated each of 
these techniques.  Moreover, seashore paspalum has emerged as an 
“environmentally sound turfgrass of the future” (Duncan, 1996a) and has 
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characteristics such as saline tolerance and drought resistance that may prove 
beneficial for island golf courses facing a freshwater shortage.  Following is a 
summary of some of the research on these strategies, and the potential application 
for island golf courses. 
5.1 – Desalination 
 
 With 97.5% of the global stock of water being saline (United Nations 
Environment Programme Mediterranean Action Plan [UNEPMAP], 2003, p.2), 
desalination sounds like a logical solution to freshwater shortages, especially for 
islands.  In fact, in 1999 the Mediterranean island nation of Malta had the 4th 
highest production capacity of seawater desalination plants in the world (p.21).  
However, there are several environmental and economic concerns involved in the 
process that have led to a debate over its adoption as a sustainable technique.  The 
two main concerns associated with desalination are energy use and disposal of the 
leftover saline concentrate (von Medeazza, 2004).  
  In the Canary Islands, reverse osmosis desalination has been employed 
since the 1960s to satisfy the high demands from tourist development.  However 
the financial and environmental energy costs associated with powering this system 
have been substantial (Durham et al., 2003, p. 158).  Presently, these energy issues 
can be reduced considerably if renewable energy technologies are integrated into 
the process, such as wind-powered reverse osmosis, which is the most common 
option applied on small islands (Assimacopoulos, 2005, p. 185).  Although this 
requires additional infrastructure – which itself is another concern of desalination 
(Younos, 2005) – using renewable energy sources will alleviate the “oil for water” 
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dilemma, which has rendered many older desalination technologies unsustainable 
(von Medeazza, 2004). 
 Unfortunately, concentrate discharge is an unavoidable by-product of 
desalination.  In most cases, there is no other option but to pump the residual brine 
back into the sea, which has proven to be deleterious to the marine environment 
(UNEPMAP, 2003, p.48).  The concentrate can contain a range of potentially 
harmful substances, such as chemicals from the pre-treatment process, heavy 
metals from pipe corrosion and intermittently used cleaning agents (United 
Nations Environment Programme Mediterranean Action Plan, 2003).  Therefore, 
unlike the case of providing water for basic human needs, the use of desalination to 
support tourist development – and thus golf courses – is ethically questionable 
(von Medeazza, 2004, p. 7).  Consequently, until an effective alternative to the 
discharge of saline concentrate to the natural environment is discovered, 
desalination is not a sustainable solution to a freshwater shortage on island golf 
courses. 
5.2 – Water Reclamation 
 
 Water reclamation and reuse is a practice that has not been widely adopted 
in Canada.  For islands with limited freshwater resources, it can be a pivotal 
strategy for securing long-term freshwater sustainability.  This study adheres to 
Exall, Marsalek  & Schaeffer’s definitions of these terms: “Reclaimed water refers to 
wastewater or stormwater that has been treated to a quality that is suitable for a 
given reuse application; and water reuse refers to the beneficial use of reclaimed 
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water” (2006, p. 254).  In Canada, the main applications for wastewater reuse are 
agricultural, golf course and landscape irrigation (Exall et al., 2006).  
 The Centre for Water Resources Studies at Dalhousie University completed a 
report for the PEI Department of Technology and Environment titled Reuse of 
Renovated Municipal Wastewater for Golf Course Irrigation (Centre for Water 
Resource Studies, 1999). The objective of the report was to provide information to 
help guide decisions about the use of reclaimed water and included case studies of 
six of the nine courses in Canada that were identified as using renovated municipal 
wastewater for irrigation.  The report defines renovated wastewater as 
“Wastewater from a municipality or residential development that has been treated 
to the extent that it can be beneficially reused for other purposes without adverse 
effects on public health or the environment” (Centre for Water Resource Studies, 
1999, p.1).  Several benefits of using this reclaimed water for golf courses and 
municipalities were contained in the report and included reducing the need for 
commercial fertilizers, reducing the demand on municipal water supplies and being 
a cost-effective and environmentally beneficial alternative to current methods of 
wastewater disposal.  However, there are also several concerns regarding water 
reuse, including contamination of surface and groundwater by bacteria and other 
organisms, nitrate contamination of groundwater supplies, and algal and weed 
growth in reservoirs, ponds and hazards.  Moreover, the costs associated with the 
installation and operation of the irrigation system can be substantial and odours 
associated with reclaimed water may be noticeable to golfers (Centre for Water 
Resource Studies, 1999, p.1). 
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 Based on the evidence presented in the Centre for Water Resource Studies 
(1999) case studies, all of the stated concerns can be avoided or easily addressed.  
Provincial regulations require treatment facilities to achieve water quality 
standards that are continuously monitored and safe for public health.  
Furthermore, they impose additional regulations on the design, maintenance and 
operation of the irrigation system in order to eliminate public health and 
environmental risks (British Columbia, 1999).  Nitrate contamination of 
groundwater has not been a problem at any of the six courses studied, as 
superintendents ensure they do not provide the turf grass with more nutrients 
than it can absorb.  Effective management practices also prevent algal and weed 
growth in reservoirs, ponds and hazards, and the odour problems that were 
experienced in the 1970s have been effectively eliminated at the treatment and 
water storage facility (Centre for Water Resource Studies, 1999).   
 Specific costs associated with water reuse for golf course irrigation were 
unfortunately not reported in the case studies.  They are site-specific and will have 
to be determined and weighed against the potential benefits for every project.  
Some of the potential sources of costs could include increasing irrigation storage 
capacity, replacement of pumps and piping to provide increased hydraulic capacity, 
reconstruction of older greens in order to increase infiltration, more sophisticated 
monitoring and control systems, measures to control algal growth and dissolved 
oxygen depletion, and finally equipment, chemicals and associated operating costs 
to treat renovated wastewater to address water quality problems (Centre for 
Water Resource Studies, 1999). 
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 However, as demand on freshwater resources continues to increase, so will 
the benefits of effective water reuse.  The only issue any of the studied courses had 
with using reclaimed water was with the water quality parameters, specifically a 
high concentration of bicarbonates – which can increase pH and are a source of 
alkalinity in the water and soil.  All four courses affected were able to alleviate this 
issue through the relatively simple measures of acid injection into the irrigation 
water or applying gypsum to the turf grass (Centre for Water Resource Studies, 
1999).   
 As evidenced by the Centre for Water Resource Studies (1999) report, 
reclaimed water can be a valuable resource for island golf courses that may face 
freshwater scarcity in the 21st century.  The one persisting issue for islands is if golf 
courses are constructed above a highly permeable sandstone aquifer, such as on 
Prince Edward Island, which contains the province’s potable water supply.  On the 
island of Oahu, Hawaii, a groundwater impact study was conducted for an effluent 
irrigation project at two golf courses located above the main potable water aquifer 
(Babcock et al., 2000).  The results indicated that dissolved solids do not 
concentrate significantly in leachate water, and most of the applied nitrogen and 
phosphorus is taken up by the turf grass.  Moreover, simulations were conducted 
using the worst-case scenario for infiltration, which predicted barely detectable 
increases of dissolved solids in the nearest down-gradient potable supply wells 
after 50 years (Babcock et. al., 2000).  While these results are promising, the 
geological composition of Oahu is much different than PEI.  Therefore the filtration 
process as water percolates through the soil may not be as effective.  Several more 
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Canadian and international studies assessing water reuse for irrigation have been 
completed or are under way (Babcock et al., 2002; Candella et al., 2007; Exall, et al., 
2006; Qian & Mecham, 2005), including a study from the Spanish island Gran 
Canaria, which has been using reclaimed water to irrigate a golf course for 25 years 
(Estevez et al., 2010).   
 After reviewing these studies, the general scientific consensus is that despite 
observed increases of minerals and salinity in the soil and occasionally causing 
decreased infiltration, irrigating with reclaimed water is a sustainable practice as 
long as best management practices are adhered to.  The United States 
Environmental Protection Agency has produced a comprehensive set of guidelines 
for water reuse (EPA, 2004), which serves as the leading resource for 
implementing and operating a wastewater irrigation system.  These systems have 
so far proven to be a sustainable irrigation alternative on courses throughout the 
world and could be a viable alternative for Canada’s island golf destinations. 
5.3 – Seashore Paspalum 
 
 Since the mid-1990s Dr. Robert Duncan has been pioneering research into 
the viability of the grass species seashore paspalum for use as golf course turf grass 
(Duncan & Griffin, 1994).  Seashore paspalum has multiple stress-resistant 
qualities.  It is able to withstand ocean water salt concentrations, extreme drought 
tolerance and can tolerate a wide range of reclaimed water resources (Duncan & 
Carrow, 2000 p.4).  Moreover, paspalum requires minimal pesticides and only 25-
35% of the annual fertilizer amounts applied to the most popular golf course turf 
grasses (Duncan, 1996a, p. 9).  As a result, the potential of seashore paspalum for 
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reducing island golf course water issues is significant.  The development of high-
quality seashore paspalums for golf greens, tees and fairways creates the 
opportunity for irrigation with straight seawater or with seawater as a high 
percentage of blended irrigation water (Duncan & Carrow, 2000, p. 203).  This 
could drastically reduce the competition for limited freshwater resources that 
currently persists on islands throughout the world (Section 1.2).  There do remain 
environmental concerns with using salt-water for irrigation – mainly salt-water 
infiltration of freshwater aquifers.  As a solution, a carefully designed drainage 
system can minimize salt-water infiltration and remove excess salts safely away 
from sensitive areas (Duncan & Carrow, 2000, p. 208).  The installation and 
maintenance of such a system will inevitably incur substantial financial costs, 
which must be weighed against the potential environmental and social benefits.  
Currently, seashore paspalum is only suitable for golf courses in warm-weather 
climates and is most commonly found between the 35-degree north and south 
latitudes throughout the world.  An ecotype suitable for colder weather climates is 
currently in development.  Research has shown that some fine-textured paspalum 
ecotypes can survive temperatures of -19˚C (Duncan, 1996b, p. 50).   
 In August 2012, the PGA Tour held the PGA Championship on the Ocean 
Course of the Kiawah Island Golf Resort in South Carolina, U.S.  In 2003, the course 
switched from the popular bermuda grass to seashore paspalum due to the 
incessant waves and ocean spray that continually carried salt water onto the course 
and leeched into the irrigation system (Iacobelli, 2012).  The reviews of seashore 
paspalum as a professional quality turfgrass were very positive from both players 
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and course maintenance officials (Iacobelli, 2012).  In 2012 Forbes magazine 
designated the Ocean Course of the Kiawah Island Golf Resort the United States’ 
most eco-friendly golf course (Forbes, 2012).  
5.4 – Future Directions 
 
 The principal significance of this thesis is in the creation of a new method 
for estimating future irrigation requirements.  This method can be repeated for any 
golf course that collects climate and irrigation data.  This method could also be 
applied to any industry that relies on irrigation and collects the appropriate climate 
and irrigation data.  The main caveat is that access to the most recent climate 
change projections will need to become more readily available.  Another obstacle to 
the widespread adoption of this method will be in the availability of the necessary 
data.  Every golf course should invest in a climate station to help improve irrigation 
efficiency and collect data for future studies.  The importance of collecting and 
maintaining robust data cannot be overstated.  While the case study of James Island 
demonstrated how surrogate data could be calculated and utilized, the accuracy of 
results suffers whenever complete and on-site data are unavailable.  The climate 
analysis in Chapter 2 made it apparent how temperature and precipitation data can 
vary between climate stations in close proximity, thus affecting the future 
projections.  As confidence that our climate is changing continues to mount with 
every IPCC report, so, too, does the need to develop preparatory strategies.  
Adaptation to the effects of climate change will be necessary throughout the 21st 
century, and complete, accurate data in regards to the potential future impacts is 
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vital for reducing the potential for maladaptive strategies being adopted (Noble et 
al., 2014).      
Admittedly, the method demonstrated in the James Island case study is not 
perfect and can be further refined through the formulation of a method to account 
for future precipitation projections in the results.  Projecting future precipitation 
remains a difficult task for climate modelers, especially at regional scales (Flato et 
al., 2013, p. 743).  Climate models are also not perfect. However, they are the best 
science we have for preparing for the future of humankind.  As climate models 
continue to evolve, the accuracy of future projections should continue to improve.  
Islands are at the forefront of climate change vulnerability (Mimura et al., 2007, p. 
689).  Establishing how the future climate will affect water use and availability on 
islands will help forecast the potential future changes in all environments (Hanna & 
McIver, 2014).  Determining how climate change will affect irrigation requirements 
is of vital importance for many of the world’s islands that rely on tourism and 
agriculture for economic prosperity (Uyarra et. al., 2005, p.12).  The method 
presented in this study can aid in establishing the necessary data for implementing 
effective adaptation measures for both island and mainland situations. 
For the situation on James Island, a desalination plant would provide all of 
the freshwater the golf course would ever need, although as previously discussed, 
the energy costs and leftover saline concentrate do not make it a sustainable option 
(von Medeazza, 2004).  If the desalination plant was powered by sustainable 
energy such as wind power (Assimacopoulos, 2005, p. 185), and all by-products 
recycled, a desalination plant would be an appealing solution.  The solution 
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proposed by Erdman, a hydrological engineer who was contracted by James Island 
to examine the current irrigation requirements, is for a new irrigation reservoir 
with a surface area of around 3.5 hectares and 3m deep which would provide an 
additional 60,500m annually (Erdman, 2009).  This reservoir could be filled in the 
winter through precipitation, surface water runoff and excess outflows from the 
freshwater pond and groundwater aquifer.  According to his report, their current 
storage vessel is inadequate for two reasons: firstly, the pond is not lined and the 
bottom consists of highly permeable sand that extends 200 metres into Sidney 
channel, with an estimated leakage of 75m of water per day.  Secondly, the pond 
has a large surface area (8 hectares) for the storage capacity of 55,400m with a 
1m depth; therefore it loses an excessive amount to ETo (Erdman, 2009).  While 
this would increase the irrigation supply, this strategy only considers the current 
irrigation requirements rather than planning for future needs.  In order to ensure 
that all future needs are met for both the golf course and the island as a whole, a 
sustainably operated desalination plant should be considered.  
Water is the essence of life.  Attaining sustainable freshwater security is of 
the utmost importance for continuing the progression of the human race in the 21st 
century and the persistent advancement of climate science will serve to achieve 
this goal for present and future generations.  
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APPENDIX A – CLIMATE STATION VARIABLES 
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AVERAGE MONTHLY MINIMUM TEMPERATURE ˚C  
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AVERAGE DAILY MINIMUM TEMPERATURE ˚C 
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APPENDIX B – CLIMATE STATION PRECIPITATION DATA 
 
 
 
TOTAL PRECIPITATION (mm) – JAMES ISLAND, BC 
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APPENDIX C – CLIMATE MODELS AND RCPs FOR FUTURE SCENARIOS 
 
Climate Model Runs RCPs Institution 
ACCESS1-0 1 4.5, 8.5 Commonwealth Scientific and Industrial Research 
Organisation in collaboration with the Bureau of 
Meteorology 
ACCESS1-3 1 4.5, 8.5 
bcc-csm1-1 1 ALL Beijing Climate Center, China Meteorological 
Administration  bcc-csm1-1-m 1 ALL 
BNU-ESM 1 2.6, 4.5, 8.5 Beijing Normal University 
CanESM2 5 2.6, 4.5, 8.5 Canadian Centre for Climate Modelling and Analysis  
CCSM4 6 ALL National Center for Atmospheric Research  
CESM1-BGC 1 4.5, 8.5 National Science Foundation, Department of Energy, 
National Center for Atmospheric Research CESM1-CAM5 3 ALL 
CMCC-CESM 1 8.5 Centro Euro-Mediterraneo per I Cambiamenti 
Climatic CMCC-CM 1 4.5, 8.5 
CMCC_CMS 1 4.5, 8.5 
CNRM-CM5 1 2.6, 4.5, 8.5 Centre National de Recherches Meteorologiques  
CSIRO-Mk3-6-0 10 ALL Commonwealth Scientific and Industrial Research 
Organisation in collaboration with the Queensland 
Climate Change Centre of Excellence  
FGOALS-g2 1 2.6, 8.5 LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences  FGOALS-s2 3 ALL 
FIO-ESM 3 ALL The First Institute of Oceanography, SOA, China 
GFDL-CM3 1 ALL Geophysical Fluid Dynamics Laboratory 
GFDL-ESM2G 1 ALL 
GFDL-ESM2M 1 ALL 
GISS-E2-H 5 ALL NASA Goddard Institute for Space Studies 
GISS-E2-R 6 ALL 
GISS-E2-R-CC 1 4.5 
HadCM3 10 4.5 Met Office Hadley Centre 
HadGEM2-AO 1 ALL 
HadGEM2-CC 3 4.5, 8.5 
HadGEM2-ES 4 ALL Met Office Hadley Centre, Instituto Nacional de 
Pesquisas Espaciais 
inmcm4 1 4.5, 8.5 Institute for Numerical Mathematics  
IPSL-CM5A-LR 4 ALL Institut Pierre-Simon Laplace   
IPSL-CM5A-MR 1 ALL 
IPSL-CM5B-LR 1 4.5, 8.5 
MIROC-ESM 1 ALL Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute   
MIROC-ESM-
CHEM 
1 ALL 
MIROC4h 3 4.5 
MIROC5 3 ALL 
MPI-ESM-LR 3 2.6, 4.5, 8.5 Max Planck Institute for Meteorology  
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MPI-ESM-MR 3 2.6, 4.5, 8.5 
MRI-CGCM3 1 ALL Meteorological Research Institute  
NorESM1-M 1 ALL Norwegian Climate Centre  
NorESM1-ME 1 ALL 
 
The validated climate models are highlighted in bold. 
 
 
 
 
